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(54) Radar

(57) A radar includes a signal source for emitting an
RF signal and a detector for detecting the RF signal re-
flected from a target and outputting a signal dependent
on the range of the target and the amplitude of the re-
flected signal and further comprises a means (3) for gen-
erating an audio signal whose frequency and amplitude

is dependent upon the range of the target and the am-
plitude of the reflected signal. The operator therefore
hears an audio signal which contains information relat-
ing to detected targets. Preferably the frequency of the
audio signal is dependent upon the range of the target,
and the amplitude is dependent upon the amplitude of
the reflected signal.
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Description

[0001] The present invention relates to a radar sys-
tem, and in particular to an improved interface for com-
municating information such as the range and bearing
of a target and the strength of the received signal to an
operator. This is particularly suitable for a ground prob-
ing radar but can be used in conjunction with any rang-
ing radar system.
[0002] A typical radar system includes a radio fre-
quency transmitter which transmits radio frequency sig-
nals. When the signals strike a target object, the signals
are reflected, and the reflected signals are detected by
a detector. The distance of the target from the radar is
determined based on the time taken between transmis-
sion of the RF signal to the detection of the reflected RF
signal. This is possible due to the substantially constant
velocity of the RF signals. Accordingly, where the target
is closer to the transmitter and receiver there will be a
short period between transmission of the signal and re-
ception of the reflected signal, and where there is a
greater distance between the radar and the target there
will be a longer time gap between transmission of the
signals and detection of the reflected signals. The am-
plitude of the reflected signals will be dependent prima-
rily on the reflectivity of the target, and accordingly the
amplitude of the detected reflected signal will depend
upon the nature of the target. By selection of appropriate
antennas, it is also possible to determine the bearing of
a target which reflects the radar signal.
[0003] For ground probing radar, the identification of
objects is possible due to the changes in reflected sig-
nals at adjacent locations. For example an underground
pipe may be identified where there is a similar signal
detected at locations in one direction, but a significant
difference in signals detected in a transverse direction
to either side of the pipe.
[0004] Radar systems are also known in which the
range or nature of a target is determined based on the
change in frequency between the transmitted and re-
flected signals.
[0005] Conventional radar system include a visual
display, for example in the form of an oscilloscope, liquid
crystal display or thin film transistor display. Typically,
for a time based radar system, the display shows the
amplitude of the reflected signal detected against time
after the signal is transmitted. This is known as an A-
scan. A problem with this type of display is that it is dif-
ficult for an operator to interpret, especially where there
are a large number of targets which reflect the RF signal
giving multiple reflections.
[0006] Especially for ground probing radar, it is also
known to use a B-scan to graphically display detected
signals. In this case, one axis of the scan shows the po-
sition at which the measurement is taken, and the other
axis shows the time after transmission of the radar sig-
nal. The amplitude of any detected signal is converted
to a shade on a grey scale, with a light shade for no or

small amplitude detected signals and a dark shade for
large amplitude detected signals. Accordingly the B-
scan provides a visual display showing simultaneously
the radar detection at a number of adjacent locations.
This display is still difficult to interpret, and can only be
generated after all measurements have been taken.
[0007] According to the present invention, a radar in-
cluding a signal source for emitting an RF signal and a
detector for detecting the RF signal reflected from a tar-
get and outputting a signal dependent on the range of
the target and the amplitude of the reflected signal fur-
ther comprises a means for generating an audio signal
whose frequency and amplitude is dependent upon the
range of the target and the amplitude of the reflected
signal.
[0008] With the radar system according to the present
invention, rather than the operator needing to visually
inspect a visual display and analyse this to determine
the range and nature of the target or targets, the oper-
ator hears an audio signal which can contain information
relating to all detected targets and can be presented to
the operator in a way in which the separate targets can
easily be distinguished. This is possible as it is easier
for an operator to distinguish between different ampli-
tudes and different frequencies in an audio signal than
different peaks on a visual display. Also, it is easier for
an operator to identify the location of an object by the
gradual or abrupt changes in tone or amplitude as the
radar scans over the different locations. Accordingly it
is possible to instantaneously locate an object when
sweeping over an area rather than scanning an area and
then generating a B-scan.
[0009] Advantageously the frequency of the audio
signal is dependent upon the range of the target, and
the amplitude is dependent upon the amplitude of the
reflected signal. This has been found to allow optimum
interpretation of the results by the operator.
[0010] Preferably the maximum range of the radar is
divided into a number of different, generally equal dis-
tances, for example 0.1 metre and each of these differ-
ent distances is assigned an audio signal having a dif-
ferent frequency or amplitude. For example, if 256 dif-
ferent levels are provided, a frequency of 4096Hz may
be assigned for the closest targets, and a frequency of
32Hz for targets furthest from the radar. This gives a
range of frequencies easily detectable by the human
ear.
[0011] It is preferred that the amplitude of the audio
signal is adjusted to compensate for other factors which
may affect accurate determination of the range of the
target or amplitude of the reflected signal. In particular,
it is preferred that the amplitude of the generated audio
signals is adjusted dependent upon the amplitude/fre-
quency response of the human ear. In this case, the am-
plitude of high frequency signals is increased in com-
parison of that of low frequency signals so that the am-
plitude of the audio signal which can be determined by
the human ear is dependent only upon the desired pa-

1 2



EP 0 980 009 A2

3

5

10

15

20

25

30

35

40

45

50

55

rameter of the detected RF signal. Advantageously, the
amplitude of the audio signal is adjusted to compensate
for losses such as spreading loss and path loss of the
RF signal, and to avoid beat note interference between
adjacent tones.
[0012] Advantageously, the radar system includes an
analog to digital converter to convert the amplitude of
the detected signals into a digital value. The value cor-
responding to the amplitude of the detected signals is
stored in one of a number of memories or range bins.
The memory location in which any particular value is
stored is dependent upon the range of the target reflect-
ing the signal, which may in turn be determined from the
delay between transmission and reception of the signal.
[0013] In this case, the radar system may include an
audio oscillator associated with each memory location,
each of the oscillators having a different audio frequen-
cy. The output of each oscillator is input to a gain con-
trolled amplifier, the gain of each amplifier being control-
led by the value stored in the associated memory loca-
tion. Accordingly, each amplifier outputs a signal having
a frequency dependent upon the range to which the as-
sociated memory location relates, and an amplitude cor-
responding to the amplitude of any signal detected at
that range. If no signal is reflected at a particular range,
there will be no output. The output of all gain controlled
amplifiers are added together. The resulting signals may
be amplified by an audio amplifier and supplied to head-
phones or a loudspeaker for audio transmission.
[0014] Preferably the radar is a ground probing radar,
and in this case a single diplexed antenna may be pro-
vided for both transmission and reception of the RF sig-
nals. It is however preferred that separate antennas are
provided for transmitting and for receiving the signals.
This avoids the need to rapidly switch the antenna be-
tween transmit and receive mode.
[0015] Advantageously, two spaced apart radar sys-
tems may be provided and simultaneously scanned to
give bearing information, such as azimuth or elevation
target position. In this case, the audio output is stereo
audio output, and from this the bearing of the target can
be determined.
[0016] Preferably the radar is a time-domain ultra-
wideband impulse system transmitting a wavelet of be-
tween 0.1ns and 10ns. More preferably, the wavelet is
around 0.5ns.
[0017] Preferably the antenna or antenna array for the
radar system provides at least octave, and more prefer-
ably decade, bandwidth transmission characteristics,
and gives a linear phase response. Suitable antennas
which meet these requirements are TEM horns, resis-
tively loaded antennas, biconical antennas, loaded di-
poles and bow-tie antennas. The antenna or antenna
array preferably includes a shunt loading arrangement
to reduce time sidelobes.
[0018] Preferably the radar includes signal process-
ing means able to improve the quality of the signals. This
may include one or more of a noise reduction system

which averages the signal over finite time periods, a clut-
ter reduction system which subtracts the mean of a
number of results, frequency filtering to remove signals
which are not in the desired information bandwidth and
a time varying gain system to provide greater accuracy
in the determine range of targets.
[0019] Examples of the present invention will be de-
scribed and contrasted with the prior art systems in ac-
cordance with the accompanying drawings in which:

Figure 1 shows a typical A-scan visual display for a
conventional radar;
Figure 2 shows a typical B-scan visual display for a
conventional radar;
Figure 3 shows a block diagram of a radar accord-
ing to the present invention;
Figure 4 shows a schematic view of the audio gen-
erating means of the radar of Figure 3;
Figure 5 shows the relationship between a visual B-
scan and an audio signal generated by the present
invention;
Figure 6 shows an alternative example of a radar;
Figure 7 shows a further example of a radar; and,
Figures 8 and 9 show a still further example of a
radar.

[0020] A conventional radar generates an output
which is dependent upon the amplitude and timing of
the detected RF signals reflected from a target. The am-
plitude of the detected signals is dependent upon the
nature of the target from which the signals are reflected,
and the timing of the detected signals is dependent upon
the range of the target. Typically the detected signals
are displayed on an oscilloscope as an "A-scan". A typ-
ical display is shown in Figure 1. In this case, each of
the peaks corresponds to a target, and the range of the
target corresponds to the time at which the signal is re-
ceived.
[0021] An alternative visual display, known as a B-
scan, is shown in Figure 2. In this case, the y-axis shows
the time between transmission and detection of the RF
signal, and accordingly corresponds to range. The x-ax-
is relates to different locations, and accordingly a verti-
cal line on the display corresponds to the single set of
measurements shown in Figure 1. The amplitude of the
detected signal determines the shade on the display,
with high amplitude signals being shown as a darker col-
our. Accordingly, the overall display shows the ampli-
tude of reflected signals as different ranges over an ar-
ea.
[0022] An example of a radar according to the present
invention is shown in Figure 3. The radar system 1 in-
cludes a transmitter which generates impulse or mono-
cycle waveform radar signals which are suitable for pen-
etrating soils and man-made materials. These signals
are generated by the discharge of stored energy in a
short transmission line, for example using the avalanche
breakdown mode in transistors to generate an output
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pulse of several hundred volts over a duration of around
1ns at repetition intervals of about 1µs using a step re-
covery diode. In theory, this system can produce a pulse
repetition rate as short as 0.25µs. The high repetition
rate improves the dynamic range of the impulse system.
The use of the high pulse repetition rate makes it pos-
sible to average the received signal to give a more ef-
fective receiver sensitivity as discussed below.
[0023] The radar signal is transmitted by an antenna
or antenna array having broad bandwidth transmission
characteristics and a linear phase response. The anten-
na may be a TEM horn, resistively loaded antenna, bi-
conical antenna, loaded dipole or bow-tie antenna. The
antenna differentiates the radar signal generated by the
transmitter to produce a wavelet, the duration of which
is dependent upon the antenna size and characteristics.
Where a continuously loaded resistive antenna is used,
this may be formed from a thin nichrome film in which
radial cuts are provided to reduce the transfer currents,
and shunt loading is provided to obtain very low time
sidelobes for the antenna.
[0024] A separate antenna is used to receive reflected
radar signals from a target. The provision of a separate
receiver antenna avoids the difficulty of providing a fast
transmit/receive switch. The antenna are designed to
minimise cross coupling levels between the antenna.
The antenna are polarised, either vertically or horizon-
tally.
[0025] The receiver provided in the radar system 1 in-
cludes a high speed sampling circuit which transforms
the real time window from the nanosecond to the milli-
second time range with low levels of sample jitter, typi-
cally around 20 to 50 ps. The receiver uses low noise
amplifiers and time varying gain to compress the higher
level signals, and averaging to recover the low level sig-
nals reflected from more distant targets.
[0026] Details of suitable transmitter and receiver sys-
tems can be found in "Surface Penetrating Radar" by D.
J. Daniels, ISBN 0 85296 862 0 or from ERA Technology
SPRScan equipment manual or other manufacturers
such as GSSI, Sensors and Software, Mala or EMRAD.
[0027] In general, signal processing is performed on:

(1) Individual amplitude-time waveforms
(2) Collections of amplitude-time waveforms
(3) Collections over a volume (3-D).

[0028] The received time waveform may be described
as the convolution of several time functions, each of
which is the impulse response of part of the system. In
addition, there is noise n.
[0029] Thus: fr(t) = ft(t)*fr(t)*fb(t)*fg(t)*fu(t)*fg(t)*fr(t)*n
(t) where

fu(t) is the signal applied to the transmitting trans-
ducer;
fr(t) is the time response of the receiving transducer;
fb(t) is a breakthrough function;

fg(t) is the response of the ground; and
fu(t) is the response of the set of underground tar-
gets.

[0030] The function fu(t) is itself made up of the con-
volution of a delta function sequence fd(t), representing
the distribution of targets, together with the response of
an individual target, fx(t). When more than one target
type is involved, each has its own individual response
and distribution. The time parameter in the delta function
sequence fd(t) is related, through the wave velocity in
the medium, to the distance from transmitting transduc-
er to the target and back to the receiving transducer. The
breakthrough function, fb(t), is made up of the convolu-
tion of a breakthrough inherent to the transmit and re-
ceive transducer design and geometry, fbo(t), with a
modifying function, fbg(t) which arises due to the pres-
ence of the ground and its associated inhomogeneity in
the vicinity of the transducer. Similarly, the presence of
the ground, even if uniform, modifies the transducer re-
sponse from its free space form foo(t) to fr(t) = foo(t)*fog
(t). When the transducers are not identical then fr(t) and
fb(t) are both affected. The only term known with certain-
ty in all systems is fr(t). The ground properties, fg(t), in
terms of the frequency variation of its attenuation and
dispersion can be measured on a statistical basis. The
basic techniques for the processing of individual time
waveforms are as follows:

Noise reduction by averaging

[0031] Whatever the transmitted waveform, unless it
is random noise, its repetition allows a series of nomi-
nally identical measurements to be averaged. The noise
bandwidth is reduced to 1/Nt when the unweighted
mean is taken of N measurements spaced in time by t.
This can be reduced to any desired level by spending
long enough over the sequence of measurements. If
each record is stored, or if a sufficient number are stored
in a buffer, then weighted averaging can be performed.
The average of this is only marginal, however, but it
makes possible the equality of noise bandwidth and sig-
nal bandwidth under circumstances when the latter is
known to be less than the systems bandwidth (because
of oversampling, for example). This technique reduces
random noise but has no effect on clutter.

Clutter reduction by subtracting the mean

[0032] This involves the use of a number of measure-
ments made at a set of locations over the same material
type. If it is assumed that the material properties vary
randomly about a location independent mean, and that
the target indications are present in only a small number
of measurements, then the mean of a large number of
results can be considered to be a measure of the system
clutter. Subtraction of the mean waveform from each in-
dividual measurement then gives a set of waveforms in
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which a target reflection is more visible. Within the lim-
itations described above it is a useful technique. What
cannot be known in any practical situation is the varia-
tion of the ground properties. Some statistical estimates
may be made of the properties of the ground, but the
method is only applicable when the statistics of the
ground are position independent.

Time varying gain

[0033] To compare for the attenuation of the earth ma-
terial, an exponential weighting may be applied to the
time trace. When the trace is stored in digital form this
is simple once the material attenuation is known. In real-
time recording systems this can be done with a specially
designed amplifier. The disadvantage of the technique,
if not used intelligently, is that system noise can be ex-
aggerated at large time values, increasing the difficulty
of the interpretation of the results. A more realistic ap-
proach is to apply a gain reduction at short times so as
to suppress antenna breakthrough and ground reflec-
tion signals, followed by a gain increase of up to a max-
imum value, after which the response is flat. This makes
most effective use of dynamic range of the data presen-
tation medium. In digital systems the breakthrough and
ground surface signals can be set to zero.

Frequency filtering

[0034] Lowpass, highpass and bandpass filters are
provided and are adjusted to remove any signals not in
the desired information bandwidth. Essentially the sig-
nal recovery is achieved by a filter that responds to a
desired waveform in the data. Usually this is in the form
of a wavelet. The filter is then designed to pick out that
signal in the received waveform and to modify its shape,
usually into a single peak, to increase the detection
probability. The desired output shape is used as an input
to the filter design process. Wiener filtering is one such
method where there is available, through a calibration
experiment or modelling, an estimate of the signal. An
important special case of the Wiener filter is the matched
filter, well known in radar detection theory. Another spe-
cial case is the inverse filter, in which the spectrum of
the filter is the reciprocal of the signal spectrum. In prac-
tice, there must be some band limiting applied or any
noise or clutter energy will dominate the result. When
noise and clutter is present the optimum filter has been
defined and its frequency response H(f) is given by:

[0035] Where N0 is the noise power, S(f) is the signal
spectrum and Kc|S(f)|2 is the clutter power. In the case
where clutter dominates it becomes the inverse filter and
where noise dominates it becomes the matched filter.

H(f) = S(f)

N0/2 + Kc S(f)
2

-------------------------------------------

The problem with implementing such filters for detection
of anomalies directly is that it cannot be assumed that
the clutter spectrum is necessarily identical with that of
signal received from a target, on account of the lowpass
filtering effect of the ground. Thus, the antenna break-
through signal has the widest spectrum, the ground re-
flection signal has some spectral reduction and back-
scatter from random variations in the ground and has a
reducing spectral width as the scatterer lies deeper. Not
only is the amplitude of the spectrum altered, but so al-
so, in principle, is the phase response.
[0036] The above equation is optimum in the sense
that it takes account of known noise and clutter proper-
ties to obtain maximum information extraction. To take
account of the uncertainties in both of these quantities,
it is preferable to design the Wiener filter in terms of a
parameter (time resolution, for example) which can be
adjusted so as to match best the characteristics of the
data encountered in practice. This means that the prob-
lem of "over design" may be avoided, that is, requiring
as output a pulse shape whose width and sidelobe lev-
els are such that the filter performance becomes very
sensitive to small errors in the data. Methods such as
spectral estimation using Fourier techniques maximum
entropy and maximum likelihood are well established
and deconvolution using Wiener-Hopf or Rice filtering
may also used. Velocity, polarisation and homomorphic
filtering are also useful in particular situations.
[0037] As shown in Figure 3, the output of the radar
system 1 is converted into an audio signal by an audio
converter 3 and headphones 4. As shown in detail in
Figure 4, the output is converted to a digital signal by an
analogue to digital convertor 10. A digital value corre-
sponding to the amplitude at a particular time is stored
in a particular memory location 11. The memory has N
locations, typically 256, and the digital value is stored in
a memory location depending upon the time it was re-
ceived, with the first received signals being stored in the
first location, and the latest received signals in the last
location. Where the radar system 1 is a ground probing
radar, each of the 256 memory locations corresponds
to an increment of 0.1 metre giving a total range of 25.6
metres. A plurality of audio oscillators 13,13' generates
a different audio frequency, with a different frequency
being generated to correspond to each of the memory
locations in the memory array 11. The output of each
audio oscillator is supplied to a gain control amplifier
12,12', the gain of each amplifier being dependent upon
the digital value stored in the corresponding memory lo-
cation. Accordingly, where no signal is reflected at a par-
ticular range, no value will be stored in the correspond-
ing memory location or range bin, and therefore the sig-
nal generated by the corresponding audio oscillator will
be multiplied by a gain of zero, namely there will be no
output from the gain controlled amplifier. The output of
each gain controlled amplifier 12,12' is supplied to a
summing amplifier 14 which combines the audio sig-
nals, and these are amplified by an audio amplifier 15
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supplied to a loud speaker or headphones 4.
[0038] Figure 5 shows the relationship between a typ-
ical B-scan and the tone of the sound generated by the
present invention. From this it can be seen that the
present invention allows the operator to quickly and eas-
ily locate an object by a change in the sound.
[0039] The gain control amplifier 12,12' is further con-
trolled to compensate for the amplitudes/frequency re-
sponse of the human ear, and for path loss and other
attenuation in the radar signals.
[0040] The resulting audio signal will comprise a
number of individual sounds of different amplitude and
frequency. By moving the radar to sweep over an area,
the sounds will change, and this change is easily detect-
able by the human ear, and allows the easy identification
of the location of objects. The same applies where the
radar remains stationary and the objects move.
[0041] As shown in Figure 6, two radar systems may
be provided side by side, the audio signals generated
by one system forming the left channel for a stereo audio
output and the audio signals from the system providing
the right channel of the stereo audio output. This allows
bearing information to be determined from the audio sig-
nal.
[0042] Figure 7 shows a free space radar incorporat-
ing the present invention. In this case, the radar is fixed
and locates moving targets. The radar shown in Figure
7 is generally similar to that of Figure 5 in which two
antennas are provided, on producing the left hand chan-
nel audio signal and the other the right hand channel
audio signal. A particular application for this system may
be for use in hostage situations. The radar can be di-
rected towards the room, and will generate audio signals
corresponding to persons in the room. Whenever a per-
son moves, there will be a gradual change in the audio
signal as the location from which the radar signals are
reflected changes. This change in the tone or amplitude
of the sound can be determined easily by the operator,
and hence the movement of persons may easily be de-
tected.
[0043] Figures 8 and 9 show the improved example
of a free space radar system incorporating the present
invention in which there are five antenna each of which
produce separate radar signals which are detected to
generate a surround sound affect with each antenna
having a corresponding speaker.

Claims

1. A radar comprises a signal source for emitting an
RF signal; a detector for detecting the RF signal re-
flected from a target and outputting a signal de-
pendent on the range of the target and the ampli-
tude of the reflected signal and means (3) for gen-
erating an audio signal whose frequency and am-
plitude is dependent upon the range of the target
and the amplitude of the reflected signal.

2. A radar according to claim 1, wherein the frequency
of the audio signal is dependent upon the range of
the target, and the amplitude is dependent upon the
amplitude of the reflected signal.

3. A radar according to claims 1 or 2, wherein the max-
imum range of the radar is divided into a number of
different equal distances, and each of these differ-
ent distances is assigned an audio signal having a
different frequency.

4. A radar according to any one of the preceding
claims, including means to adjust the amplitude of
the generated audio signals dependent upon the
amplitude/frequency response of the human ear.

5. A radar according to any one of the preceding
claims, including means to adjust the amplitude of
the audio signal to compensate for spreading loss
and path loss of the RF signal.

6. A radar according to any one of the preceding
claims, including an analog to digital converter (10)
to convert the amplitude of the detected signals into
a digital value corresponding to the amplitude of the
detected signals.

7. A radar according to claim 6, including a number of
memories or range bins (11) wherein the value cor-
responding to the amplitude of the detected signal
is stored in one of the memories or range bins (11)
dependent upon the range of the target reflecting
the signal.

8. A radar according to claim 7, including an audio os-
cillator (13) associated with each memory location
(11), each of the oscillators (13) having a different
audio frequency and wherein the output of each os-
cillator (13) is input to a gain controlled amplifier
(12), the gain of each amplifier (12) being controlled
by the value stored in the associated memory loca-
tion (11).

9. A radar according to any one of the preceding
claims, which is a ground probing radar.

10. A radar according to any one of the preceding
claims, including signal processing means to im-
prove the quality of the signals.
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